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TITLE 

SILICON-BASED FILM AND PHOTOVOLTAIC ELEMENT 
BACKGROUND OF THE INVENTION 

Field of the Invention 

[0001] The present invention relates to a silicon-based film and a photovoltaic 
element comprising a silicon-based semiconductor layer with at least one pin 
junction on a support, such as a solar cell, a sensor and the like. 

Related Background Art 

[0002] As a method of forming a silicon-based film showing crystallinity, some 
methods like the cast method in which the film is grown in a liquid phase have 
been conventionally carried out, but these methods require high temperature 
processing and have some problems in achieving mass production and low-cost 
production. 

[0003] Some methods of forming a silicon-based film showing crystallinity other 
than the cast method have been disclosed. These methods include a method 
described in Japanese Patent Application Laid-Open No. 5-109638 in which a 
polycrystalline silicon film is formed by growing an amorphous silicon film in a 
solid phase and a method described in Japanese Patent Application Laid-Open No. 
5-136062 in which after amorphous silicon film has been formed, hydrogen plasma 



processing is carried out, and a polycrystalline silicon film is formed by repeating 
the procedure. 

[0004]However, in these disclosed methods of forming a silicon-based film 
showing crystallinity, the former method has the problem that a prolonged heat 
treatment is needed to crystallize a semiconductor layer with a thickness of several 
jim or more using a solid phase reaction, and the latter method has the problem of 
increased processing time due to the repetition of hydrogen plasma processing and 
the formation of a silicon film. 

[0005]Furthermore, when a substrate having an uneven surface shape is adopted as 
a means of increasing the optical confinement effect in a silicon-based film 
showing an orientation property, especially in a silicon-based film having a 
columnar structure in the thickness direction, the growth of an orientation plane in 
the tangential direction of the unevenness in the early stage of the film formation 
results in the generation of irregular crystal boundaries in the growing process. 

SUMMARY OF THE INVENTION 
[0006]Accordingly, an object of the present invention is to provide a silicon-based 
film which addresses the above described problems. In particular, it is an object of 
the invention to provide a high-quality silicon-based film that can be formed at a 
low cost and at a high film forming rate, with a processing time of an industrially 
acceptable level, especially on a substrate having an uneven surface shape. It is 
also an object of the invention to provide a photovoltaic element that has such a 
silicon-based film and is excellent in photoelectric characteristics. 
[0007]The silicon-based film of the present invention comprises a crystal phase 
formed on a substrate with a surface shape represented by a function f, wherein the 
silicon-based film is formed on a substrate with a surface shape having a standard 
deviation of an inclination arctan (df/dx) from 15° to 55° within the range of a 
sampling length dx from 20 nm to 100 nm. A Raman scattering strength resulting 
from an amorphous component in the silicon-based film is not more than a Raman 
scattering strength resulting from a crystalline component. A difference between a 
spacing in a direction parallel to a principal surface of the substrate and a spacing 



of single crystal silicon is within the range of 0.2% to 1.0% with regard to the 
spacing of the single crystal silicon. 

[0008]Further, the present invention provides a silicon-based film that is 
characterized in that the above described silicon-based film having a crystal phase 
comprises a crystal of a columnar structure in the thickness direction. 
[0009]Furthermore, the present invention provides a silicon-based film that is 
characterized in that the percentage of diffraction strength of (220) plane according 
to X-ray or electron beam diffraction is 30% or more of the total diffraction 
strength. 

[0010]Moreover, the present invention provides a photovoltaic element that is 
characterized in that in a photovoltaic element comprising a silicon-based 
semiconductor layer having at least one pin junction on a support, at least one 
i-type semiconductor layer comprises the above described silicon-based film. 
[0011]In addition, the present invention provides a photovoltaic element that is 
characterized in that the above described silicon-based semiconductor layer is 
formed on a substrate comprising at least a first transparent conductive layer 
stacked on a support. The first transparent conductive layer has the above 
described surface shape. 

[0012]Further, the present invention provides a photovoltaic element that is 
characterized in that the above described silicon-based film is prepared by a plasma 
CVD method using a high frequency. 

[0013]The high frequency is preferably not less than 10 MHz and no more than 10 
GHz. The above-described support is preferably a conductive support. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0014]Fig. 1 is a schematic sectional view showing one example of a photovoltaic 
element of the present invention; 

[0015]Fig. 2 is a schematic sectional view showing one example of a deposited 
film forming apparatus to produce a silicon-based film and a photovoltaic element 
of the present invention; 



[0016]Fig. 3 is a schematic sectional view showing one example of a deposited 
film forming apparatus to produce a silicon-based film and a photovoltaic element 
of the present invention; 

[0017]Fig. 4 is a schematic sectional view showing one example of a photovoltaic 

element comprising a silicon-based film of the present invention; 

[0018]Fig. 5 is a schematic sectional view showing one example of a photovoltaic 

element comprising a silicon-based film of the present invention; 

[0019]Fig. 6 is a conceptual diagram of measuring the distribution of inclinations; 

and 

[0020]Fig. 7 is a schematic view of subcells. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 
[0021]The present inventors have found that it is possible to a silicon-based film 
comprising a crystal phase with low defect density and good quality, even on a 
substrate with an uneven surface shape. This silicon-based film is formed on a 
substrate in which the standard deviation of the inclination arctan (df/dx) is from 
15° to 55° in the range where the sampling length dx of the cross-sectional shape f 
of the surface is from 20 nm to 1 00 nm, a Raman scattering strength resulting from 
an amorphous component in the silicon-based film is not more than a Raman 
scattering strength resulting from a crystalline component, and the difference 
between the spacing in the direction parallel to the principal surface of the above 
described substrate (a macroscopic and virtual substrate surface obtained by 
ignoring the unevenness of the surface) and the spacing of single crystal silicon is 
within the range of 0.2% to 1 .0% to the spacing of single crystal silicon. The 
inventors have also found that in a photovoltaic element formed with the use of 
such a silicon based film, because good photoelectric conversion characteristics 
can be obtained, a factor of generating cracks in the film is suppressed, and the 
formed surface is cleansed. The photovoltaic element is improved in its adhesion 
with the substrate and shows good environmental resistance. 



[0022] A method of forming a silicon-based semiconductor film comprising a 
crystal phase by the plasma CVD method using a high frequency is advantageous 
in achieving low-cost production as compared to a solid phase reaction because the 
process time can be shortened and the process temperature can also be lowered. In 
particular, in a photovoltaic element having a pin junction, this method is 
beneficial when applied to an i-type semiconductor layer with a greater film 
thickness. 

[0023] When an i-type semiconductor layer substantially functioning as a light 
absorbing layer is an i-type semiconductor layer comprising a crystal phase, a 
photodegradation phenomenon due to the Staebler-Wronski effect, which becomes 
a problem in case of an amorphous material, can be restrained. The present 
inventors have conducted studies and have found that the Staebler-Wronski effect 
appears more remarkably in an i-type semiconductor layer formed so that a Raman 
scattering strength resulting from an amorphous component (a typical example is in 
the vicinity of 480 cm" 1 ) is not more than a Raman scattering strength resulting 
from a crystalline component (a typical example is in the vicinity of 520 cm" 1 ). 
[0024]Here, with regard to an i-type semiconductor layer comprising a crystal 
phase, it is known that grain boundaries have influences on both major carriers and 
minority carriers to deteriorate their performance. In order to restrain the 
influences of grain boundaries, one effective means is to lower the crystal grain 
boundary density by making the crystal grain size in an i-type semiconductor layer 
larger. 

[0025]Further, when carrier travel occurs in the thickness direction, a constitution 
in which columnar crystal grains are arranged in the thickness direction is more 
preferable than a constitution in.which crystal grains are randomly arranged 
because it is possible to lower the frequency of carriers having to cross grain 
boundaries. In particular, when columnar crystal grains are selectively oriented on 
(220) plane, the surface is considered to function as an i-type semiconductor layer 
in which the mobility of the carrier is improved, because the crystal grains have the 
channel structure of a hexagon form in the direction perpendicular to the substrate 
surface. As is clearly seen from ASTM cards, the percentage of diffraction 



strength in the (220) plane to the total amount of diffraction strength of 1 1 
reflection parts from a low angle side is about 23% in non-orientating crystalline 
silicon. That is, a crystalline silicon-based film in which the percentage of 
diffraction strength on (220) plane is over 23% has an orientation property in the 
direction of (220) plane. In particular, in the structure in which the percentage of 
diffraction strength on (220) plane is 30% or more, the effect of improving the 
mobility of a carrier is considered to be greater. 

[0026]Moreover, because the sensitivity (especially in the longer wavelength side) 
is increased owing to the optical confinement effect by forming the above 
described silicon-based semiconductor film on an uneven shape, when an i-type 
semiconductor layer that practically functions as a light absorbing layer in a 
photovoltaic element is formed on the above described uneven shape, the thin film 
formation of an i-type semiconductor layer is possible. In particular, in order to 
estimate the optical confinement effect to light in the visible light region, it has 
been found that the optical confinement effect becomes more conspicuous by 
examining the distribution of the inclination arctan (df/dx) in the range where the 
sampling length dx of the cross-sectional shape f of the surface is from 20 nm to 
100 nm and making the shape with the standard deviation of 1 5 ° to 55 °. 
[0027] On the other hand, when a silicon-based film showing an orientation 
property and comprising a columnar structure in the thickness direction is formed 
on the above described uneven shape, because the columnar structure grows in the 
direction normal to the unevenness of the substrate, the collision of crystal grains 
and the like occur in the growth process and structural unmatching (inconsistency) 
results. In the case of a silicon-based film in which a Raman scattering strength 
resulting from an amorphous component does not exceed a Raman scattering 
strength resulting from a crystalline component, it is more difficult to absorb the 
structural unmatching in the film forming process as compared to the case of a 
silicon-based film comprising an amorphous component more abundantly. The 
amorphous component makes the structure more flexible. 



[0028]Furthermore, the degree of relaxing the structural unmatching by the volume 
diffusion and the surface diffusion effected using the surface chemical potential 
induced by recesses and protrusions as a driving force is also low in the 
tetra-coordination structure (like a diamond structure represented by a silicon- 
based film) as compared to those in single cubic lattice of hexa-coordination, 
body-centered cubic lattice of octa-coordination, face-centered cubic lattice of 
dodeca-coordination and others. For that purpose, in case of a silicon-based film in 
which a Raman scattering strength resulting from an amorphous component does 
not exceed a Raman scattering strength resulting from a crystalline component, it is 
effective to relax the structural unmatching by changing the ratio of lattice 
constants in the directions parallel to and perpendicular to the growing surface and 
by changing the crystal structure to a pseudo-tetragonal crystal structure. 
[0029]Hereby, it is possible to retard the generation of irregular grain boundaries 
and dislocations among crystal grains. Through retarding the generation of these 
regions of no crystallographical regularity, the lowering of electric activity in grain 
boundaries and the retarding of the generation of dangling bonds within the bulk 
are realized. As a result, it becomes possible to improve the mobility of carriers 
through a silicon-based film. 

[0030]However, when the lattice constants are changed, if the degree of the change 
is too large, the mobility of carriers will be lowered because of inducing point 
defects within the bulk. Furthermore, when the above described standard deviation 
is smaller than 15°, the i-type semiconductor layer must be made relatively thick 
because the optical confinement effect is weak. When the above described 
standard deviation is over 55°, a steep peak appears, which creates a problem that 
local stress within the silicon-based film is generated. Moreover, within the 
standard deviation of 15° to 55°, it is more preferable to be 20° to 50°, and further 
more preferable to be 25 ° to 40°. 

[0031]The present inventors have conducted studies and have found that the area 
of a silicon-based film, in which the optical confinement effect is achieved, the 
mobility of carriers within the bulk is favorably maintained and no local stress is 
generated, is formed on the surface of a substrate where the above described 
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standard deviation is 15° to 55° , and is such an area that the difference between the 
spacing in the direction parallel to the principal surface of the above described 
substrate in the above described silicon-based film and the spacing of single crystal 
silicon is within the range of 0.2% to 1 .0% on the basis of the spacing of the single 
crystal silicon. 

[0032] A method of preparing a substrate that has the surface shape in which the 
standard deviation of the inclination arctan (df/dx) is 15° to 55° in the range where 
the sampling length dx of the cross-sectional shape f of the surface is from 20 nm 
to 100 nm will be explained. A substrate comprised of a SUS substrate, a metal 
layer and the first transparent conductive layer will be used as an example. An 
uneven shape may be formed on all of these layers or an uneven shape may be 
formed on only part of them, as long as the final surface shape meets the above 
described conditions. 

[0033] As a method of making an uneven shape on the surface of a SUS substrate, 
the following methods can be included: a method in which heat treatment, acid 
cleaning and the like are conducted after cold rolling, a rolling method using a roll 
with a mechanically roughened surface, a grinding method using a belt on which 
abrasive is applied, methods in which the above methods are combined, and others. 
As a method of making unevenness on the surface of a metal layer, the following 
methods can be included: a vapor deposition method of a metal layer on a 
substrate heated to high temperature, a forming method with the use of a sputtering 
method, an electrodeposition method, a printing method and others. As a method 
of making unevenness on the surface of the first transparent conductive layer, the 
following methods are included: a vapor deposition method of the first transparent 
conductive layer on a substrate heated to high temperature, a forming method with 
the use of a sputtering method, an electrodeposition method with the use of a 
solution containing nitric ions and zinc ions (the concentration is 0.001 to 1.0 
mol/L, and the liquid temperature is 5 °C or more) and the like, a printing method 
and others. When unevenness is made on the surface of the first transparent 
conductive layer with a sputtering method, it is also effective to introduce oxygen 
into the feed gas in the early stage of formation. Further, in each process using 



these methods, grinding by dry etching, wet etching, sandblasting and the like, heat 
treatment and others may be added. In the case of using wet etching, the standard 
deviation can be controlled by controlling wet time. The value of the standard 
deviation will be increased as the passage of wet time. 

[0034]Fig. 6 is a schematic diagram showing the surface of the above described 
shape that was observed with a probe microscope. Using the observed data, the 
inclination arctan (df/dx) was obtained from the slope df/dx of the cross-sectional 
shape f in an optional sampling length, and the distribution of the inclinations was 
obtained. In the range of shorter sampling lengths, slopes of unevenness not 
contributing to the optional confinement effect may be measured. Conversely in 
the range of longer sampling lengths, unevenness corresponding to wavelengths 
contributing to the optional confinement effect cannot be correctly evaluated 
because the sampling length and the pitch of the unevenness are close to each 
other. Consequently, the sampling length is preferable to be about 1/3 to 1/10 of 
the wavelength of the light intended to absorb. Generally, when the range of 
ultraviolet light, visible light and near-infrared light is aimed at, the sampling 
length is preferably 20 run to 100 nm. In the present invention, the difference 
between the spacing in the direction parallel to the principal surface of the 
substrate and the spacing of single crystal silicon is within the range of 0.2% to 
1 .0% on the basis of the spacing of the single crystal silicon. If the value is less 
than 0.2%, it is insufficient to relax the structural unmatching, and if the value is 
more than 1.0%, it will become a factor of lowering the mobility of carriers 
because of inducing point defects within the bulk and others. This value is more 
preferable to be 0.3% to 0.7%. The term "spacing of single crystal silicon" used 
herein shall mean a general spacing of single crystal silicon, and shall not mean 
that the film of the present invention comprises single crystal silicon. 
[0035JAs a means of forming a silicon-based semiconductor film so that the 
difference between the spacing in the direction parallel to the principal surface of 
the above described substrate of a silicon-based film and the spacing of single 
crystal silicon is within the range of 0.2% to 1 .0% relative to the spacing of the 
single crystal silicon with a plasma CVD method using a high frequency, the 
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following means can be included. That is, a means in which it becomes possible to 
further activate ion bombardment to allow adhering silicon atoms to act as a part of 
the source of a driving force that promotes the displacement of the silicon atoms to 
the atomic positions in the early stage of the film formation, and a means in which 
it becomes possible to form a silicon-based film having a crystal structure 
corresponding to the surface shape, and others. The more active the ion 
bombardment is, the higher the above described value becomes. 
[0036]Moreover, an etching effect acts on the surface layer to clean the surface by 
making the ion bombardment more active in the early stage of the film formation 
and as a result, the adhesion between the underlying layer (the layer on which a 
silicon-based film of the present invention is formed) and the silicon-based film is 
increased. In addition, in the early stage of the film formation on the surface layer 
(the underlying layer) having the above described cross-sectional shape f of the 
surface, it is feared that an initial film of low quality that adversely affects the 
mobility of a carrier may be formed. This initial film of low quality may be formed 
because some local areas where temperatures are not sufficient are produced, the 
amorphization of the film is induced by the extreme lowering of surface diffusion, 
and the optimization of H amount and the relaxation of structure are insufficient. 
However, it is possible to retard the formation of such an initial film of low quality 
because a heating effect based on the kinetic energy of ions is activated by making 
the ion bombardment more active. 

[0037]Here, with regard to the above described surface layer, in cases where an 
i-type semiconductor layer in a photovoltaic element comprises the above 
described silicon-based film, when an nip constitution is taken from the substrate, 
side, an n-type semiconductor layer or another form of an i-type semiconductor 
layer is suited. When a pin constitution is taken from the substrate side, a p-type 
semiconductor layer or another form of an i-type semiconductor layer is suited. 
The shape of the above described surface layer is preferable to be formed according 
to the shape of the substrate surface. 



[0038] As a method of forming a silicon-based film, which method makes the ion 
bombardment more active with the use of the plasma CVD method using a high 
frequency, there can be mentioned various methods, including a method in which a 
high frequency power to be charged is increased, a method in which a 
high-frequency power supply for frequency in which active species in plasma can 
follow is used, a method in which inert gases like He, Ar, Ne and others, which are 
easily converted into a plasma, are introduced. The use of these prescriptions in 
the early stage of forming the above described silicon-based film makes it possible 
to form the film so that the difference between the spacing in the direction parallel 
to the principal surface of the substrate for the silicon-based film and the spacing of 
single crystal silicon is within the range of 0.2% to 1.0% on the basis of the 
spacing of the single crystal silicon. 

[0039]Next, the components of a photovoltaic element of the present invention will 
be described. 

[0040]Fig. 1 is a schematic sectional view showing one example of a photovoltaic 
element of the present invention. In the figure, 101 is a substrate, 102 is a 
semiconductor layer, 103 is a second transparent conductive layer, and 104 is a 
collecting electrode. Further, 101-1 is a support, 101-2 is a metal layer, 101-3 is a 
first transparent conductive layer, and these are constituent members of the 
substrate 101. 

(Support) 

[0041] As the support 101-1, a plate member or a sheet member that is comprised 
of metal, resin, glass, ceramics, semiconductor bulk or the like is suitably used. 
The support may have minute unevenness on its surface. Such a constitution may 
be adopted in which a transparent support is used and a light is incident from the 
support side. In such a case, light transmittability may be provided by removing 
the metal layer 101-2 or by forming the metal layer in a very small thickness. 
Further, when the support is made in a long size, continuous film formation is also 
made possible using the roll-to-roll method. In particular, materials having 
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flexibility such as stainless steel, polyimide and others are suitable as the material 
of the support 101-1. 

(Metal layer) 

[0042]The metal layer 101-2 has a role as an electrode and a role as a reflection 
layer by which a light reaching the support 101-1 is reflected and reused in the 
semiconductor layer 102. As the material, Al, Cu, Ag, Au, CuMg, AISi and the 
like can be suitably used. As the forming method, a vapor deposition method, a 
sputtering method, an electrodeposition method, a printing method and others are 
suitable. The metal layer 101-2 preferably has an unevenness on its surface, by 
which the optical path length of the reflected light within the semiconductor layer 
102 can be extended and the short circuit current can be increased. When the 
support 101-1 has electric conductivity, the metal layer 101-2 is not needed to be 
formed. , 

(First transparent conductive layer) 

[0043] The first transparent conductive layer 101-3 has a role of increasing the 
diffused reflection of an incident light and a reflected light to extend the optical 
path length within the semiconductor layer 102. Further, an element in the metal 
layer 101-2 has a role of diffusing or migrating into semiconductor layer 102 to 
prevent a photovoltaic element from shunting. This element also has a role of 
preventing the short circuit due to defects of pinholes in the semiconductor layer 
and others by providing a moderate resistance. Moreover, it is desirable that the 
first transparent conductive layer 101-3 has an unevenness on the surface similar to 
the metal layer 101-2. The first transparent conductive layer 101-3 is preferably 
comprised of a conductive oxide such as ZnO or ITO, and is preferably formed 
using a vapor deposition method, a sputtering method, a CVD method, an 
electrodeposition method, or the like. A substance that will change the 
conductivity may be added in the conductive oxide. When the metal layer 101-2 is 
not prepared, the first transparent conductive layer 101-3 will also serve as an 
electrode. 
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(Substrate) 

[0044] According to the above described method, the metal layer 101-2 and the first 
transparent conductive layer 101-3 are stacked on the support 101-1 optionally to 
form the substrate 101. An insulating layer may be prepared as an intermediate 
layer within the substrate 101 to make the accumulation of the elements easy. 
Now, concerning a substrate in the present invention, the metal layer 101-2 and the 
transparent conductive layer 101-3 are not indispensable, and the support 101-1 
itself may form the substrate 101; Besides, the term "substrate" is conveniently 
used herein, and the substrate is not needed to be plate-shaped so long as it has a 
prescribed surface shape. Moreover, a member having a semiconductor layer 
formed on a substrate may also be referred to as a "substrate". 

(Semiconductor layer) 

[0045] As a major material for the silicon-based film and the semiconductor layer 
102 of the present invention, Si in an amorphous phase, a crystal phase, or further a 
mixed phase of these is suitably used. Instead of Si, an alloy of Si and C, Ge or the 
like may be used. It is preferable for the semiconductor layer 102 to additionally 
contain hydrogen and/or halogen atoms. The preferred content is 0.1 to 40 atomic 
%. Furthermore, the semiconductor layer 1 02 may contain oxygen, nitrogen and 
the like. If a semiconductor layer is to be a p-type semiconductor layer, an element 
of Group HI of the periodic table is preferably contained, and to be an n-type 
semiconductor layer, an element of Group V is preferably contained. 
[0046] As the electrical characteristics of the p-type layer and n-type layer, the 
activation energy is preferably 0.2 eV or less, and optimally, 0. 1 eV or less. 
Further, the resistivity is preferably 100 Qcm or less, and optimally 1 Qcm or less. 
In the case of a stack cell (a photovoltaic element having a plurality of pin 
junctions), it is preferable that an i-type semiconductor layer of a pin junction near 
the light incidence side has a wide bandgap and the bandgap becomes narrower . 
with an increase of the distance of a pin junction from the light incidence side. 
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[0047]Further, the minimum value of the bandgap of an i-type layer is preferably 
near a p-layer with regard to a center in the film thickness direction within the i 
layer. The doping layer (a p-type layer or an n-type layer) on the light incidence 
side is suitably a crystalline semiconductor with a low light absorption or a 
semiconductor having a wide bandgap. As examples of a stack cell in which 2 pin 
junctions are stacked, a combination of an amorphous semiconductor layer and a 
semiconductor layer comprising a crystal phase in the order from the light 
incidence side, and a combination of a semiconductor layer comprising a crystal 
phase and a semiconductor layer comprising a crystal phase in the order from the ' 
light incidence side can be included as combinations having an i-type silicon-based 
semiconductor layer. 

[0048]Moreover, as examples of photovoltaic elements in which 3 pin junctions 
are stacked, combinations of (an amorphous semiconductor layer, an amorphous 
semiconductor layer and a semiconductor layer comprising a crystal phase), (an 
amorphous semiconductor layer, a semiconductor layer comprising a crystal phase 
and a semiconductor layer comprising a crystal phase) and (a semiconductor layer 
comprising a crystal phase, a semiconductor layer comprising a crystal phase and a 
semiconductor layer comprising a crystal phase) each in the order from the light 
incidence side can be included as combinations having an i-type silicon-based 
semiconductor layer. 

[0049] As an i-type semiconductor layer, it is preferable that the absorption 
coefficient (a) of light (630 nm) is 500 cm" 1 or more, the photoconductivity (op) 
under irradiation with artificial sunlight by a solar simulator (AM 1.5; 100 
mW/cm 2 ) is lOxlO' 5 S/cm or more, the dark conductivity (ad) is 10*10" 6 S/cm or 
less, and the Urbach energy measured by a constant photocurrent method (CPM) is 
55 meV or less. As an i-type semiconductor layer, a slightly p-type one and a 
slightly n-type one can also be used. Further, the pin junction may be a 
constitution in the order of a p-layer, an i-layer and an n-layer from the substrate 
side, or that in the reverse order. 

\ 

(Method of forming semiconductor layer) 
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[0050]In order to form a silicon-based film and the described semiconductor layer 
1 02 of the present invention, a high-frequency plasma C VD method is suitable. A 
suitable procedure for forming semiconductor layer 1 02 according to a 
high-frequency plasma CVD method is as follows: 

[0051](1) The pressure inside a pressure-reducible deposition chamber (a vacuum 
chamber) is reduced to a prescribed deposition pressure. 

[0052](2) Material gases, including a source gas and a diluting gas, are introduced 
into the deposition chamber, and the pressure inside the deposition chamber is set 
to a prescribed pressure while continuing the exhaust from the deposition chamber 
with a vacuum pump. 

[0053](3) The substrate 101 is set to a prescribed temperature with a heater. 
[0054] (4) A high frequency oscillated by a high frequency power supply is 
introduced into the above described deposition chamber. The introduction 
methods into the above described deposition chamber include a method in which a 
high frequency is conducted by a waveguide and introduced into the deposition 
chamber through a dielectric window of alumina ceramics and the like, and a 
method in which a high frequency is conducted by a coaxial cable and introduced 
into the deposition chamber through a metal electrode. 

[0055] (5) A plasma is generated in the deposition chamber to decompose the 
source gas and a deposition film is formed on the substrate 101 arranged within the 
deposition chamber. The semiconductor layer 102 is formed by repeating this 
procedure a plurality of times, if necessary. 

[0056]As the conditions of forming the silicon-based film and the above described- 
semiconductor layer 102 of the present invention, the substrate temperature of 100 
to 450°C, the pressure of 0.5 mTorr to 10 Torr, the high frequency power of 0.001 
to 1 W/cm 3 within the deposition chamber are suitable conditions. 
[0057] As the source gases that are suitable for forming the silicon-based film and 
the above described semiconductor layer 102 of the present invention, vaporizable 
compounds containing silicon atom, including SiH 4 , Si 2 H 6 and SiF 4 , can be 
included. When an alloy-based film and/or an alloy-based semiconductor layer is 
formed, it is desirable to add a vaporizable compound containing Ge or C, 
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including GeH 4 and CH 4 , into a feed gas. It is desirable to dilute a source gas with 
a diluting gas and introduce the diluted source gas into the deposition chamber. As 
the diluting gas, H 2 , He, Ar, Ne and the like can be listed. Further, a vaporizable 
compound containing nitrogen, oxygen and the like may be added as a source gas 
or a diluting gas. In order that a Raman scattering strength resulting from an 
amorphous component not exceed a Raman scattering strength resulting from a 
crystalline component, there can be included some methods, including a method of 
raising the flow rate ratio of H 2 gas to SiH 4 gas, a method of raising temperature for 
film formation, and a method of using a gas containing an element of halogens like 
SiF 4 and others as a source gas. 

[0058] As the dopant gas to make the semiconductor layer be a p-type layer, B 2 H 6 , 
BF 3 and the like are used. Further, as the dopant gas to make the semiconductor 
layer be an n-type layer, PH 3 , PF 3 and the like are used. 

[0059] When a film of a crystal phase, and a layer of SiC and the like with low light 
absorption or having a wide bandgap are deposited, it is preferable to increase the 
ratio of a diluting gas to a source gas and to introduce a high frequency with a 
relatively high power. Further, in order to form a silicon-based film of the present 
invention so that the difference between the spacing in the direction parallel to the 
above described substrate and the spacing of single crystal silicon is within the 
range of 0.2% to 1.0% on the basis of the spacing of single crystal silicon, it is 
considered that, as described above, it is possible to further activate ion 
bombardment to allow adhering silicon atoms to act as a part of the source of a 
driving force that promotes the displacement of the silicon atoms to the atomic 
positions in the early stage of the film formation. It is made possible to form a 
silicon-based film having a crystal structure corresponding to the surface shape. 
As a method of forming a silicon-based film, which method makes ion 
bombardments more active with the use of the plasma CVD method using a high 
frequency, there can be included various methods, including a method in which a 
high frequency power to be charged is increased, a method in which a 
high-frequency power supply for frequency in which active species in a plasma can 
follow is used, a method in which an inert gas like He, Ar, Ne and others, which is 
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easily converted to a plasma, is introduced. The high frequency in the plasma 
CVD method is preferably 10 MHz or more to 10 GHz or less. Further, in the 
above described range and in the initial area of film forming, it is preferable to 
form a film using a relatively low frequency so that active species in plasma can 
easily follow. 

(Second transparent conductive layer) 

[0060]In an example shown in Fig. 1, the second transparent conductive layer 103 
can serve the role of an antireflection film by properly setting the film thickness, as 
well as being an electrode in the light incidence side. The second transparent 
conductive layer 103 is heeded to have a high transmittance in a wavelength area 
that semiconductor layer 102 can absorb and to be low in resistivity. It is 
preferable that the transmittance at 550 nm is 80% or more, and more preferably, 
85% or more. It is preferable that the resistivity is 5* 10" 3 Qcm or less, and more 
preferably, 1><10' 3 Hem or less. As the material for the second transparent 
conductive layer 103, ITO, ZnO, ln 2 0 3 and others can be suitably used. As the 
methods of forming the layer, methods of vapor deposition, CVD, spraying, 
spin-on, dipping and others are suitable. A substance for changing conductivity 
may be added in these materials. 

(Collecting electrode) 

[0061 ]The collecting electrode 104 is provided on the transparent electrode 103 to 
improve the current collecting efficiency. As the forming methods, a method of 
forming a metal of an electrode pattern by a sputtering with a mask, a method of 
printing a conductive paste or soldering paste, a method of firmly fixing a metal 
wire using a conductive paste, and others are suitable. 
[0062]Moreover, a protective layer may be formed on both surfaces of a 
photovoltaic element if necessary. At the same time, a reinforcing material, 
including a steel plate, may be used together on the back of the photovoltaic 
element (the light incidence side and the reflection side) and the like. 
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(Examples) 

[0063] In the following examples, the present invention will be concretely 
described with reference to a solar cell as a photovoltaic element, but these 
examples are not intended to limit the contents of the present invention. 

(Example 1) 

[0064] A silicon-based film was formed according to the following procedure using 
a deposited film forming apparatus 201 shown in Fig. 2. 

[0065]Fig. 2 is a schematic sectional view showing one example of a deposited 
film forming apparatus to produce a silicon-based film and a photovoltaic element 
of the present invention. The deposited film forming apparatus 201 shown in Fig. 
2 is constituted by combining substrate 204, a delivery container 202, vacuum 
containers 21 1 to 218 for forming a semiconductor and a substrate winding 
container 203 by means of gas gates 221 to 229. In this deposited film forming 
apparatus 201, a belt-like conductive substrate 204 is set through each container 
and each gas gate 221 to 229. The belt-like conductive substrate 204 is wound off 
from a bobbin installed in the substrate delivery container 202 and is wound up by 
another bobbin in the substrate winding container 203. . 
[0066] Vacuum containers 21 1 to 21 8 for forming a semiconductor each have a 
deposition chamber [each], and a glow discharge occurred by applying a high 
frequency electric power from high frequency power supplies 25 1 to 258 to the 
discharge electrodes 241 to 248 in the discharge chamber, by which the source gas 
was decomposed and a semiconductor layer was deposited on conductive substrate 
204. Further, gas introduction pipes 231 to 238 for introducing the source gas and 
a diluting gas are connected to vacuum containers 211 to 218 for forming a 
semiconductor, respectively. 

[0067]The deposited film forming apparatus 201 shown in Fig. 2 is provided with 
8 vacuum containers for forming a semiconductor. However, in the following 
examples, a glow discharge is not needed to occur in all of the vacuum containers 
for forming a semiconductor, and it is possible to select the presence or absence of 
a glow discharge in each container according to the layer composition of a 
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photovoltaic element to be produced. Further, a film forming region adjusting 
plate, which is not shown in the figure, is provided in each semiconductor forming 
device to adjust the contact area between the conductive substrate 204 and the 
discharge space in each deposition chamber, and the film thickness of each 
semiconductor film formed in each container can be adjusted by adjusting the 
plate. 

[0068]First, a belt-like substrate (40 cm in width, 200 m in length, and 0.125 mm 
in thickness) made of stainless steel (SUS430BA) was sufficiently degreased, 
washed, and installed in a continuous sputtering device, which is not shown in the 
figure, and then an Ag thin film of 100 nm in thickness was deposited by sputtering 
at room temperature, using an Ag electrode as a target. 

[0069]In addition, using a ZnO target, a ZnO thin film of 1.2 (im in thickness was 
deposited on the Ag thin film by sputtering to form a belt-like conductive substrate 
204. Next, the substrate 204 was installed in a wet etcher, which is not shown in 
the figure, and dipped in a 5% acetic acid solution for 30 seconds, and then the 
substrate 204 was sufficiently washed and dried. A part of the prepared conductive 
substrate 204 was cut off and the cross-sectional shape of the surface was observed 
with a probe microscope, and when the distribution of the inclinations in the cross 
section was found, the standard deviation was 20°. s 

[0070]In the next place, a bobbin on which the conductive substrate 204 had been 
wound was installed in the substrate delivery container 202, and the conductive 
substrate 204 was passed to the substrate winding container 203 through a gas gate 
in the carrying-in side, the vacuum containers 211, 212, 213, 214, 215, 216, 217, 
and 21 8 for forming a semiconductor, and a gas gate in the carrying-out side. 
Further, the tension was adjusted so that the belt-like conductive substrate 204 
would not be loosened. After that, the substrate delivery container 202, the 
vacuum containers 21 1, 212, 213, 214, 215, 216, 217, and 218 for forming a 
semiconductor, and the substrate winding container 203 were sufficiently 
evacuated to 5 * 10" 6 Torr with a vacuum pumping system comprising a vacuum 
pump. 
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[0071]Next, while the vacuum pumping system was operated, a source gas and a 
diluting gas were provided from the introduction pipes 232, 233, and 234 to the 
vacuum containers 212, 213, and 214 for forming a semiconductor. 
[0072]Furthermore, H 2 gas of 200 seem was supplied to the vacuum containers for 
forming a semiconductor, except the vacuum containers 212, 213, and 214 for 
forming a semiconductor through the gas introduction pipes. At the same time, H 2 
gas of 500 seem was provided to each gas gate as a gate gas through each gate gas 
feed pipe, which is not shown in the figure. In this state, the pressure inside the 
vacuum containers 212, 213, and 214 for forming a semiconductor was adjusted to 
the desired pressure by adjusting the pumping performance of the vacuum pumping 
system. The forming conditions are as shown in Table 1. 
[0073]After the pressures inside the vacuum containers 212, 213, and 214 for 
forming a semiconductor were stabilized, the conductive substrate 204 was started 
to move in the direction from the substrate delivery container 202 to the substrate 
winding container 203. While the conductive substrate 204 was moved, a high 
frequency was introduced to the discharge electrodes 242, 243, and 244 in the 
vacuum containers 212, 213, and 214 for forming a semiconductor from the high 
frequency power supplies 252, 253, and 254, and glow discharges were generated 
within the deposition chambers in the vacuum containers 212, 213, and 214 for 
forming a semiconductor to form an i-type semiconductor layer comprising a 
crystal phase (1.5 |4.m in thickness: a silicon-based film) on the conductive 
substrate 204 (Example 1). Here, the high-frequency electric power of 100 MHz in 
frequency and 20 mW/cm 3 in power was introduced in the vacuum containers 212, 
213, and 214 for forming a semiconductor. 

[0074]Next, a silicon-based film was formed by the same method as Example 1 , 
except that Ar was not introduced in the vacuum container 212 for forming a 
semiconductor in Table 1 (Comparative example 1). 

[0075] When diffraction peaks were measured in silicon-based films prepared in 
Example 1 and Comparative example 1 by the 0-29 method with an X-ray 
diffraction system and the spacing of the (220) plane was found from 26 position in 
the diffraction peak of 220 reflection in each film, as compared to the spacing of 
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the (220) plane in single crystal silicon of 1.9201 A that was found from the X-ray 
diffractometry, the spacing in the silicon-based film of Example 1 was wider by 
0.4%, and the spacing in the silicon-based film of Comparative example 1 was 
about the same value as single crystal silicon. 

[0076]Moreover, the density of dangling bonds in the silicon-based films was 
evaluated by the electron spin resonance (ESR) method, which resulted in the 
density of dangling bonds in the silicon-based film prepared in Example 1 being 
two-thirds of the density of dangling bonds in the silicon-based film prepared in 
Comparative example 1 . From the above results, it is seen that the silicon-based 
film of the present invention is characterized by a small density of dangling bonds 
and an excellent mobility of carriers. 

(Example 2) 

[0077] A silicon-based film was formed on a conductive substrate 204 similarly to 
Example 1 using the deposited film forming apparatus 201 shown in Fig. 3. The 
forming conditions are as shown in Table 2. 

[0078]After the pressures inside the vacuum containers 212, 213, and 214 for 
forming a semiconductor were stabilized, the conductive substrate 204 was started 
to move in the direction from the substrate delivery container 202 to the substrate 
winding container 203. While the conductive substrate 204 was moved, a high 
frequency was introduced to discharge electrodes 242, 243, and 244 in the vacuum 
containers 212, 213, and 214 for forming a semiconductor from the high frequency 
power supplies 252, 253, and 254, and glow discharges were generated within the 
deposition chambers in the vacuum containers 212, 213, and 214 for forming a 
semiconductor to form an i-type semiconductor layer comprising a crystal phase 
(1.5 jim in thickness: a silicon-based film) on the conductive substrate 204 
(Example 2). 

[0079]Here, the high-frequency electric power of 13.56 MHz in frequency and 30 
mW/cm 3 in power was introduced in the vacuum container 212 for forming a 
semiconductor, and the high-frequency electric power of 2.45 GHz in frequency 
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and 50 mW/cm 3 in power was introduced in the vacuum containers 213 and 214 
for forming a semiconductor through microwave applicators 261 and 262. 
[0080]In the next place, when a diffraction peak was measured in the silicon-based 
film prepared in Example 2 by the 0-20 method with an X-ray diffraction system 
and the spacing of the (220) plane was found from 20 position in the diffraction 
peak of 220 reflection, as compared to the spacing of the (220) plane in single 
crystal silicon of 1 .9201 A that was found from the X-ray diffractometry, the 
spacing in the silicon-based film of Example 2 was 0.78% wider. 
[0081]Moreover, the density of dangling bonds in the silicon-based film was 
evaluated by the "electron spin resonance (ESR) method, resulting in the density of 
dangling bonds in the silicon-based film prepared in Example 2 being three-fifths 
of the density of dangling bonds in the silicon-based film prepared in Comparative 
example 1 . From the above results, it is known that a silicon-based film of the 
present invention is low in density of dangling bonds and has an excellent property 
in the mobility of a carrier. 

(Example 3) 

[0082] A pin-type photovoltaic element shown in Fig. 4 was formed according to 
the following procedure using the deposited film forming apparatus 201 shown in 
Fig. 2. Fig. 4 is a schematic sectional view showing one example of a photovoltaic 
element comprising a silicon-based film of the present invention. In the figure, the 
same members as those in Fig; 1 will be marked with the same symbols and their 
description will be omitted. The semiconductor layer of this photovoltaic element 
is comprised of an amorphous n-type semiconductor layer 102-1, an i-type 
semiconductor layer 102-2 comprising microcrystals, and a microcrystalline p-type 
semiconductor layer 102-3. That is, this photovoltaic element is a so-called 
pin-type single cell photovoltaic element. 

[0083] Similarly to Example 1, a belt-like conductive substrate 204 was prepared 
and installed in the deposited film forming apparatus 201, and the substrate 
delivery container 202, the vacuum containers 21 1, 212, 213, 214, 215, 216, 217, 
and 218 for forming a semiconductor, and the substrate winding container 203 
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were sufficiently evacuated to 5><1 0" 6 Torr or less with a vacuum pumping system 
comprising a vacuum pump not shown in the figure. 

[0084]Next, while the vacuum pumping system was operated, a source gas and a 
diluting gas were provided from the gas introduction pipes 231 to 235 to the 
Vacuum containers 211 to 215 for forming a semiconductor. 

[0085]Furthermore, H 2 gas of 200 seem was supplied to the vacuum containers for 
forming a semiconductor except the vacuum containers 21 1 to 21 5 for forming a 
semiconductor through the gas introduction pipes. At the same time, H 2 gas of 500 
seem was provided to each gas gate as a gate gas through each gate gas feed pipe, 
which is not shown in the figure. At this condition, the pressures inside the 
vacuum containers 21 1 to 21 5 for forming a semiconductor were adjusted to the 
desired pressures by adjusting the pumping performance of the vacuum pumping 
system. The forming conditions are as shown in Table 3. 
[0086]Next, through the introduction of a high frequency into the discharge 
electrodes 241 to 245 within the vacuum containers 21 1 to 215 for forming a 
semiconductor from high frequency power supplies 251 to 255, glow discharges 
were generated within deposition chambers in the vacuum containers 21 1 to 215 
for forming a semiconductor. An amorphous n-type semiconductor layer (30 nm in 
film thickness), an i-type semiconductor layer comprising a crystal phase (1 .5 \im 
in film thickness) and a microcrystalline p-type semiconductor layer (10 nm in film 
thickness) were formed on the conductive substrate 204, resulting in the formation 
of a photovoltaic element. 

[0087]Here, the high frequency electric power of 13.56 MHz in frequency and 50 
mW/cm 3 in power was introduced in the vacuum container 211 for forming a 
semiconductor, the electric power of 100 MHz in frequency and 20 mW/cm 3 in 
power was in the vacuum containers 212, 213 and 214 for forming a 
semiconductor, and the electric power of 13.56 MHz in frequency and 30 mW/cm 3 
in power was in the container 215 for forming a semiconductor. Next, using a 
continuous modularizing apparatus not shown in the figure, the formed belt-like 
photovoltaic element was processed to be a solar cell module of 36 cm><22 cm in 
size (Example 3). 
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[0088]Next, a solar cell module was formed by the same method as Example 3, 
except that Ar was not introduced in the vacuum container 212 for forming a 
semiconductor (Comparative example 3). 

[0089] The photoelectric conversion efficiencies of the solar cell modules prepared 
in Example 3 and Comparative example 3 were measured using a solar simulator 
(AM 1.5, 100 mW/cm 2 ). When the photoelectric conversion efficiency of the solar 
cell module formed in Example 3 was standardized (normalized) to be 1 , the value 
of the photoelectric conversion efficiency of the solar cell module formed in 
Comparative example 3 was 0.90. 

[0090]Further, the adhesion between the conductive substrate and the 
semiconductor layer was examined with the use of the cross cut tape test method 
(the gap width of cut is 1 mm, the number of squares is 100). Further, a solar cell 
module of which the initial photoelectric conversion efficiency had been measured 
in advance was put in a dark place, where the temperature was 85 °C and the 
humidity was 85%, and kept for 30 minutes, then the temperature was lowered to 
-20°C in 70 minutes and the module was kept at that temperature for 30 minutes, 
and then the temperature was again returned to 85 °C and humidity to 85% in 70 
minutes. After this cycle was repeated 100 times, the photoelectric conversion 
efficiency was measured again, and the variation of the, photoelectric conversion 
efficiency as a result of the temperature and humidity test was examined. 
[0091]Furthermore, after a solar cell module of which the initial photoelectric 
conversion efficiency had been measured in advance was kept at 50°C and 
irradiated with an artificial sunlight (AM 1.5, 100 mW/cm 2 ) for 500 hours, the 
photoelectric conversion efficiency was measured again, and the variation of the 
photoelectric conversion efficiency as a result of the photodegradation test was 
examined. These results are shown in Table 4. 

[0092]As shown in Table 4, the solar cell module of Example 3, which comprises a 
photovoltaic element of the present invention, is excellent in the initial conversion 
efficiency, the adhesion, and the durability in the temperature and humidity test and 
the photodegradation test, when compared to the solar cell module of Comparative 
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example 3. From the above results, it is seen that a solar cell module comprising a 
photovoltaic element of the present invention has excellent properties. 

(Example 4) 

[0093]First, similarly to Example 1, a belt-like substrate (40 cm in width, 200 m in 
length, and 0.125 mm in thickness) made of stainless steel (SUS430BA) was 
sufficiently degreased, washed, and installed in a continuous sputtering apparatus, 
which is not shown in the figure, and then an Ag thin film of 100 nm in thickness 
was deposited by sputtering at room temperature, using Ag electrode as a target. In 
addition, using a ZnO target, a ZnO thin film of 1.2 |im in thickness was deposited 
on the Ag thin film by sputtering to form belt-like conductive substrate 204. Next, 
the conductive substrate 204 was installed in a wet etcher, which is not shown in 
the figure, and was wet etched in 5% acetic acid solution so that the standard 
deviation of inclinations in the cross section became to be 15°, 20°, 25°, 40°, 50°, 
and 55° while changing time. Then, the wet etched substrate 204 was sufficiently 
washed and dried. After that, a pin-type photovoltaic element was formed 
similarly to Example 3, using deposited film forming apparatus 201 shown in Fig. 
2 (Example 4-1 to 4-6). 

[0094] After wet etching was carried out in the same way so that the standard 
deviation of inclinations in the cross section became 5° and 60°while changing 
time, the substrate was sufficiently washed and dried. After that, a pin-type 
photovoltaic element was made similarly to Example 3 using the deposited film 
forming apparatus 201 shown in Fig. 2 (Comparative example 4-1 and 4-2). 
[0095] A hundred pieces of transparent conductive layers (ITO) 103 in total were 
prepared in the circular shape having 1 cm 2 area on a semiconductor layer by 
masking as shown in Fig. 7 and served as subcells, and a collecting electrode was 
prepared on each subcell. The solar cell characteristics of these subcells were 
measured with a solar simulator (AM 1.5; 100 mW/cm 2 ; 25 °C in surface 
temperature), and the shunt resistances of 100 pieces of subcells of each solar cell 
was measured. A subcell having a practically needed shunt resistance was judged 
to be a surviving subcell, the yield was evaluated based on the number of surviving 
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subcells, and the yield of each photovoltaic element was compared. When the 
number of surviving subcells in Example 4-1 was standardized to be 1, the number 
of surviving cells in each photovoltaic element is shown in Table 5. 
[0096]Further, the average value of the photoelectric conversion efficiency values 
of the surviving subcells in each photovoltaic element was calculated. When the 
photoelectric conversion efficiency of the solar cell module in Example 4-1 was 
standardized to be 1, the photoelectric conversion efficiency of each photovoltaic 
element is shown in Table 5. 

[0097] As shown in Table 5, the average value of the photoelectric conversion 
efficiency was low in Comparative example 4-1 . Because the short circuit current 
in Comparative example 4-1 was 0.85 when the short circuit current in Example 
4-1 was standardized to be 1, the lowered part of the photoelectric conversion 
efficiency is considered to be caused by the decrease in the short circuit current due 
to insufficient optical confinement effect. Further, the number of surviving 
subcells was small in Comparative example 4-2. The reason for this low number 
of surviving cells is considered to be that a steep peak was generated in the surface 
of the conductive substrate, which generates local stress within the silicon-based 
film. 

[0098]From the above results, it is seen that a photovoltaic element of the present 
invention has excellent properties. 

(Example 5) 

[0099] A photovoltaic element shown in Fig. 5 was formed according to the 
following procedure using the deposited film forming apparatus 201 shown in Fig. 
2: Fig. 5 is a schematic sectional view showing one example of a photovoltaic 
element comprising a silicon-based film of the present invention. In the figure, the 
same members as those in Fig. 1 will be marked with the same symbols and their 
description will be omitted. The semiconductor layer of this photovoltaic element 
is comprised of an amorphous n-type semiconductor layer 102-1, an i-type 
semiconductor layer 102-2 comprising microcrystals, a microcrystalline p-type 
semiconductor layer 102-3, an amorphous n-type semiconductor layer 102-4, an 
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amorphous i-type semiconductor layer 102-5, and a microcrystalline p-type 
semiconductor layer 102-6. That is, this photovoltaic element is a so-called 
pinpin-type double cell photovoltaic element. 

[01 00] Similarly to Example 3, a belt-like conductive substrate 204 was prepared 
and installed in the deposited film forming apparatus 201, and the substrate 
delivery container 202, the vacuum containers 211, 212, 213, 214, 215, 216, 217, 
and 218 for forming a semiconductor, and the substrate winding container 203 
were sufficiently evacuated to 5><10~ 6 Torr or less with a vacuum pumping system 
comprising a vacuum pump not shown in the figure. 

[0101]Next, while the vacuum pumping system was operated, a source gas and a 
diluting gas were supplied from the gas introduction pipes 231 to 238 to the 
vacuum containers 211 to 218 for forming a semiconductor. 

[0102]Furthermore, H 2 gas of 50Q seem was supplied to each gas gate as a gate gas 
through each gate gas feed pipe, which is not shown in the figure. In this state, the 
pressures inside the vacuum containers 211 to 218 for forming a semiconductor 
were adjusted to the desired pressures by adjusting the pumping performance of the 
vacuum pumping system. The formation of the bottom cell was carried out 
similarly to Example 3, the formation of the n layer and the p layer in the top cell 
was carried out similarly to Example 3, and the formation of the i-type 
semiconductor layer in the top cell was carried out in such conditions that SiH 4 is 
50 seem, H 2 is 500 seem, the substrate temperature is 220 °C, and the pressure is 
1.2 Torr. 

[01 03] After the pressures within the vacuum containers 21 1 to 218 for forming a 
semiconductor were stabilized, the conductive substrate 204 was started to move in 
the direction from the substrate delivery container 202 to the substrate winding 
container 203. 

[0104]Next, through the introduction of high-frequency in discharge electrodes 241 
to 248 within the vacuum containers 21 1 to 218 for forming a semiconductor from 
high-frequency power supplies 251 to 258, glow discharges were generated within 
deposition chambers in the vacuum containers 211 to 2 1 8 for forming a 
semiconductor and an amorphous n-type semiconductor layer (30 nm in film 
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thickness), an i-type semiconductor layer comprising a crystal phase (2.0 nm in 
film thickness) and a microcrystalline p-type semiconductor layer (10 nm in film 
thickness) were formed on the conductive substrate 204, resulting in the 
preparation of the bottom cell, on which cell further an amorphous n-type 
semiconductor layer (30 nm in film thickness), amorphous i-type semiconductor 
layer (0.3 ^m in film thickness) and a microcrystalline p-type semiconductor layer 
(10 nm in film thickness) were formed, resulting in the preparation of the top cell, 
and as a result, a photovoltaic element was formed. 

[0105]Here, the high frequency electric power of 13.56 MHz in frequency and 5 
mW/cm 3 in power was introduced in the vacuum container 211 for forming a 
semiconductor, the electric power of 100 MHz in frequency and 20 mW/cm 3 in 
power was in the vacuum containers 212, 213 and 214 for forming a 
semiconductor, the electric power of 13.56.MHz in frequency and 30 mW/cm 3 in 
power was in the container 215 for forming a semiconductor, the electric power of 
13.56 MHz in frequency and 5 mW/cm 3 in power was in the vacuum containers 
216 and 217 for forming a semiconductor, and the high-frequency electric power of 
13.56 MHz in frequency and 30 mW/cm 3 in power was introduced in the vacuum 
container 218 for forming a semiconductor. 

[0106]Next, using a continuous modularizing apparatus not shown in the figure, 
the formed belt-like photovoltaic element was processed to be a solar cell module 
of 36 cm x 22 cm in size (Example 5). 

[0107JThe solar cell module of Example 5 showed 1.2 times higher photoelectric 
conversion efficiency when compared to the solar cell module of Example 3, and 
the solar cell module of Example 5 is excellent in adhesion and in durability in the 
temperature and humidity test and the photodegradation test. From the above 
results, it is seen that a solar cell module comprising a photovoltaic element of the 
present invention has excellent properties. 
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(Example 6) 

[01 08] Solar cell modules were formed by the same method as Example 3 and 
Comparative example 3, except for high frequency power to be introduced in the 
vacuum container 212 for forming a semiconductor was changed (Example 6-1 to 
6-5, and Comparative example 6-1 to 6-2). The spacing of the (220) plane in the 
i-type semiconductor layer of each solar cell module was found to be wider in the 
range of 0.1% to 1.5%, as compared to the spacing in single crystal silicon that was 
found from the X-ray diffractometry. 

[0109]The photoelectric conversion efficiencies of the solar cell modules prepared 
in Example 6 and Comparative example 6 were measured using a solar simulator 
(AM 1.5, 100mW/cm 2 ). 

[0110]Further, the adhesion between the conductive substrate and the 
semiconductor layer was examined with the use of the cross cut tape test method 
(the gap width of cut is 1 mm, the number of squares is 100). Further, a solar cell 
module of which the initial photoelectric conversion efficiency had been measured 
in advance was put in a dark place, where the temperature was 85 °C and the 
humidity was 85%, and kept for 30 minutes, then the temperature was lowered to 
-20 °C in 70 minutes and the module was kept at that temperature for 30 minutes, 
and then the temperature was again returned to 85 °C and humidity to 85% in 70 
minutes. After this cycle was repeated 100 times, the photoelectric conversion 
efficiency was measured again and the variation of the photoelectric conversion 
efficiency as a result of the temperature and humidity test was examined. 
[0111]Furthermore, after a solar cell module of which the initial photoelectric 
conversion efficiency had been measured in advance was kept at 50°C and 
irradiated with an artificial sunlight (AM 1.5, 100 mW/cm 2 ) for 500 hours, the 
photoelectric conversion efficiency was measured again and the variation of the 
photoelectric conversion efficiency as a result of the photodegradation test was 
examined. These results are shown in Table 6. 
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[0112]The numeral values in the column of the spacing of the (220) plane indicate 
expanded rates as compared to the spacing of the surface in single crystal silicon 
that was found from the X-ray diffractometry. 

[01 13] As shown in Table 6, the solar cell modules in which the spacing of the 
(220) plane in the i-type semiconductor layer was found to be wider in the range of 
0.2% to 1.0% as compared to the spacing in single crystal silicon that was found 
from the X-ray diffractometry are excellent in the initial conversion efficiency, the 
adhesion, and the durability in the temperature and humidity test and the 
photodegradation test, when compared to the solar cell modules of Comparative 
example 6. From the above results, it is seen that a solar cell module comprising a 
photovoltaic element of the present invention has excellent properties. 
[01 14] As described above, the preferred embodiments of the present invention 
makes it possible to provide a silicon-based film that is excellent in the mobility of 
carriers even on the surface. A photovoltaic element comprising the silicon-based 
film improves in adhesion with a substrate and shows good environmental 
resistance because good photoelectric conversion characteristics are obtained, 
crack generating factors in the film are suppressed, and the formed surface is 
cleaned. 
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Table 1 



Formation 
conditions 
of212 


Source gases 


SiH 4 : 30 seem 
H 2 : 1000 seem 

A t** 1 fill c r»m 


temperature 




Pressure 


300 mTorr 


Formation 
conditions 
of 213 and 
214 


Source gases 


SiH 4 : 30 seem 
H 2 : 1000 seem 


Substrate 
temperature 


300°C 


Pressure 


300 mTorr 


Table 2 


Formation 
conditions 
of212 


Source gases 


SiH 4 : 30 seem 
H 2 : 1000 seem 


Substrate 
temperature 


200°C 


Pressure 


300 mTorr 


Formation 
conditions 
of 213 and 
214 


Source gases 


SiH 4 : 30 seem 
H 2 : 1000 seem 


Substrate 
temperature 


300°C 


Pressure 


300 mTorr 
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Table 3 



Formation 
conditions of 
211 


Source gases 


SiH 4 : 20 seem 
H 2 : 100 seem 

PH^diluted with H 2 to 2%): 30 seem 


Substrate 
temperature 


300°C 


Pressure 


l.OTorr 


Formation 
conditions of 
212 . 


Source gases 


SiH 4 : 30 seem 
H 2 : 1000 seem 
Ar: 100 seem 


Substrate 
temperature 




Pressure 


300 mTorr 


Formation 
conditions of 
213 and 214 


Source gases 


SiH 4 : 30 seem v 
H 2 : 1000 seem * 


Substrate 

ICllljJCl alUlC 


300°C '■ * \ 


Pressure 


300 mTorr' * 


Formation 
conditions of 
215 


Source gases 


SiH 4 : 10 seem 

H 2 : 800 seem - 

BF 3 (diluted with H 2 to 2%): 100 seem 


Substrate 
temperature 


200°C 


Pressure 


1.2 Torr 
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Table 4 





Example 3 


Comparative 
Example 3 


Initial photoelectric conversion efficiency 


1 


0.90 


Number of surviving squares in cross cut tape test 
(normalized with the value for Example 3 being 1) 


1 


0.95 


Variation of photoelectric conversion efficiency in 
temperature-humidity test (efficiency after 
test/initial efficiency) 


1.0 


0.95 


Variation of photoelectric conversion efficiency in 
photodegradation test (normalized with the value for 
Example 3 being 1) 


1 


1.35 



Table 5 



Standard deviation 


5° 


15° 


20° 


25° . 


40° 


50° 


55° 


60° 


of cross sectional 


Comp. 


Ex. 


Ex. 


Ex, 


Ex. 


Ex. 


Ex. 


Comp. 


inclination 


Ex. 


4-1 


4-2 


4-3 


4-4 


4-5 


4-6 


Ex. 




4-1 














4-2 


Number of 


1.0 


1 


1.0 


1.0 


1.0 


1.0 


1.0 


0.85 


surviving subcells 


















Photoelectric 


0.8 


1 


1.1 


1.2 


1.2 


1.1 


1.0 


0.95 


conversion 


















efficiency 
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Table 6 





Comp. 

Ex. 

6-1 


Ex. 6- 
1 


Ex. 
6-2 


Ex. 6- 
3 


Ex. 6- 
4 


Ex. 
6-5 


Comp. 

Ex. 

6-2 


High frequency 
power (mW/cm 3 ) 


10 


15 


18 


20 


25 


30 


40 


Spacing of (220) 
plane 


0.1% 


0.2% 


0.3% 


0.4% 


0.7% 


1.0% 


1.5% 


Initial photoelectric 
conversion 

TTi r* i r» \/ 
ClllClCIIL-y 

(normalized with the 
value for Example 6- 
1 being 1) 


0.95 


1 


1.1 


1.2 


1.2 


1.0 


0,85 


Number of surviving 
squares in cross cut 
tape test (normalized 
with the value for 
Example 6-1 being 
1 ^ 

V 


0.90. 


1 


1.1 


1.1 


1.1 


1.0 


0.75 


Variation of 
photoelectric 
conversion 
efficiency in 
temperature- 
humidity test 
(efficiency after 
test/initial 
efficiency) 


0.95 


1.0 


1.0 


1.0 


1.0 


1,0 


0.95 


Variation of 
photoelectric 
conversion 
efficiency in 
photodegradation 
test (normalized with 
the value for 
Example 6-1 being 

i) 


1.15 


1 


1.0 


1.0 


1.0 


1.0 


1.10 
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ABSTRACT OF THE DISCLOSURE 



[01 15] A silicon-based film is provided which comprises a crystal phase formed 
on a substrate with a surface shape represented by a function f, wherein the 
silicon-based film is formed on a substrate with a surface shape having a standard 
deviation of an inclination arctan (df7dx) from 15° to 55° within the range of a 
sampling length dx from 20 nm to 100 nm. Raman scattering strength resulting 
from an amorphous component in the silicon-based film is not more than a 
Raman scattering strength resulting from a crystalline component. A difference 
between a spacing in a direction parallel to a principal surface of the substrate and 
a spacing of single crystal silicon is within the range of 0.2% to 1.0% with regard 
to the spacing of the single crystal silicon. 
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